ABSTRACT Feeding of sorghum with a high level of tannin (high-tannin sorghum) to rats caused changes in gene expression in parotid glands similar to isoproterenol treatment. Within 3 days the parotid glands were enlarged about 3-fold and a series of proline-rich proteins were increased about 12-fold. Unlike isoproterenol treatment, no changes were observed in the submandibular glands, and a Mr 220,000 glycoprotein in parotid glands was not induced. Amino acid analyses, electrophoretic patterns, and cell-free translations of mRNAs all confirmed that the proline-rich proteins induced by feeding high-tannin sorghum were identical to those induced by isoproterenol treatment. Binding curves for proline-rich proteins to tannins showed affinities 10-fold greater than bovine serum albumin and tannins.
A series of unusual proteins containing 25-45% proline have been isolated from human and rat salivary glands and the secretions of salivary glands (1) (2) (3) (4) (5) (6) . Two families of either acidic or basic proline-rich proteins (PRPs) are commonly found, with variations in glycosylation and phosphorylation. The phosphorylated PRPs are postulated to be involved in dental repair (7) because these substances have a very high affinity for hydroxyapatite. The functions of the basic PRPs, which have isoelectric points of >10 (8) , are unknown.
The condensed tannins (proanthocyanidins, oligomers of flavan-3-ols) present in many plant tissues characteristically bind and precipitate proteins (9) . This astringency of the tannins, which are rich in phenolic groups, apparently protects the plant tissue against ingestion by some insects (10) and seed-eating birds (11) . Seeds of bird-resistant cultivars of sorghum, a major cereal of the semi-arid tropics, contain a high level of tannin (high-tannin sorghum), which diminishes the nutritional value of the grain by inhibiting protein digestion (12) and possibly by other mechanisms. In studies designed to define the interaction of tannins and proteins, Hagerman and Butler (13) were able to demonstrate that tannins have an unusually high affinity for proteins rich in proline. Because the gastrointestinal tractspecifically the oral cavity-is a source of PRPs, Hagerman and Butler (13) proposed that salivary PRPs could possibly interact with tannins and serve to protect dietary proteins and digestive enzymes.
In this study we report on the dramatic effects on rat parotid glands of feeding high-tannin sorghum. High-tannin sorghum ingestion mimics some of the phenotypic changes observed after treatment of rats with the a-agonist isoproterenol (6, 8 Muenzer et al. (6) .
Isolation of PRPs. Rats were anesthetized with sodium pentobarbital, weighed, and killed by exsanguination. The parotid and submandibular glands were removed, stripped of connective tissues, and weighed. Extraction of trichloroacetic acid-soluble components was carried out as described by Mehansho and Carlson (17) . Proteins in the trichloroacetic acid-soluble fraction were concentrated by acetone precipitation and subjected to Bio-Gel A-1.5m column chromatography (17) . The PRPs that have an apparent M, of 38,000 (PRP38) were isolated by preparative gel electrophoresis (18) . Proteins were eluted from polyacrylamide gels essentially as described by Walker et al. (19) . Proteins were visualized by using 1-anilino-8-naphthalenesulfonic acid as the fluorescent probe (20) . Fluorescent bands were cut into 3-to 4-cm squares and proteins were removed by electrophoresis.
Proteins were isolated from NaDodSO4 and salts by acetone precipitation and by dialysis, respectively (17) . Glycine contaminating the preparation was removed by desalting on a Abbreviation: PRP, proline-rich protein.
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Sephadex G-25 column, which was equilibrated and eluted with 0.05 M acetic acid.
Analytical Procedures. Amino acid analyses were performed as described (6) . Proteins were estimated by absorbances of 280 nm and 230 nm. PRPs do not contain aromatic amino acids and therefore after purification these were quantitated by 230-nm absorbance (Ai*m = 25.0) (17) . Polyacrylamide gel electrophoresis was carried out as described by Laemmli (18) . Unless otherwise indicated, 12% polyacrylamide was used. Proteins precipitated with acetone were dissolved in sample buffer (18) and boiled for 5 min. Fixation and staining of PRPs has been described (17) . Radioactivity on gels was detected by fluorography (21) Time, days Binding affinities of proteins and tannin were assayed by a competitive binding ass-ay (13) . Purified sorghum tannin (22) was added to mixtures of l"I-labeled bovine serum albumin (1 mg ) and proteins to be tested for relative affinities. After 15 min, the precipitate was removed by centrifugation (5,000 X g, 15 min) and 1.0 ml of the supernatant was assayed for radioactivity.
Isolation of RNA and cell-free translations were performed as described (14, 23) (Fig. 1) . Both of these parameters were at a maximum after 3 Table 1 , a high-tannin diet did not induce the synthesis of theserproteins in rat-submandibular glands (Fig.  2) .
Major changes in phenotypic expression of PRP synthesis occur by 3 days (Fig. 3) . The family of PRPs increase in concert; as noted previously for analogous experiments with isoproterenol (17) . Small amounts of PRPs are present in parotid glands from animals maintained on rat chow or on RS-610.
Isolation and Amino Acid Analysis-of PBPs. The trichloro& acetic acid-soluble fraction from parotid glands of rats fed Sa- vanna sorghum for 7 days was chromatographed on Bio-Gel A-1.5m (Fig. 4) . Similar to results obtained in the glands from isoproterenol-treated rats (17) , three protein peaks were observed. The first two did not contain materials absorbing at 280 nm. Peak I is the Mr 200,000 glycoprotein and peak II contains the family of PRPs (Fig. 2) . Peak III consists of small peptides that migrate faster than the dye front on NaDodSO4/polyacrylamide gel electrophoresis. The family of PRPs in peak II was separated on a preparative NaDodSO4/polyacrylamide gel. The major slow-moving band of Mr 38,000 (PRP38) was isolated. The amino acid analysis of PRP38 was essentially identical to PRP38 isolated from parotid glands and from submandibular glands of isoproterenol-treated rats (Table 2) .
Binding Affinities of PRPs and Tannins. Proteins high in proline and hydroxyproline have high affinities for tannin (13 4 . Chromatography of the trichloroacetic acid-soluble fraction from parotid glands on Bio-Gel A-1.5m. Trichloroacetic acid-soluble components from parotid glands of rats fed high-tannin sorghum (Savanna) were fractionated on a Bio-Gel A-1.5m column (2.5 x 102 cm). The column was equilibrated and eluted with 25 mM Tris-HCl (pH 7.4) containing 0.14 M NaCl. Five-milliliter fractions were collected. and lysozyme to tannin were determined by using the 1251-labeled bovine serum albumin assay procedure (Fig. 5) . PRPs have about a 10-fold greater affinity for tannin than does bovine serum albumin and have binding affinities similar to polyvinylpyrrolidone (13) .
Cell-Free Translation of PRP mRNAs. Cell-free translation of mRNAs from rat parotid glands has shown that at least six different PRPs are translated with poly(A)+ mRNA from the glands of animals treated with isoproterenol (14) . Similar results were obtained by cell-free translation studies of parotid glands from rats fed Savanna sorghum (Fig. 6) (14) . These data are similar to those reported earlier (14) and suggest that post-translational processing of a large polypeptide chain to give the various PRPs is unlikely.
A common characteristic of proteins and polypeptides with high affinity for tannin is their high proline content (13) . Calfskin gelatin (18 mol % proline and hydroxyproline) and rat parotid PRPs (43 mol % proline) were the most effective at binding tannin of all naturally occurring polymers tested (8, 13) . Gastrointestinal mucins that form the protective mucous barrier of the gut are also relatively high in proline (12-15 mol %) (25) . The affinity of tannins for these glycoproteins could have a del-
The decreased growth rate of animals fed high-tannin feeds 5) , RS-610 (lanes 2 and 6), and Savanna (lanes 3 and 7) for 3 days. Isoproterenol treatment was for 10 days (lanes 4 and 8) . Cell-free translations were performed with rabbit reticulocyte preparations as described (14) . teins that contain proline (42%), glycine (24%), and glutamate (24%), as determined by studies reported here. Likely, these PRPs bind to tannins and are substantially less digestible than other proteins and therefore are present in large amounts in the feces. PRPs are present in high concentrations in human saliva (3) . The amino acid sequences for both the acidic (31) and basic (32, 33) 
